Plants have substantially higher gene duplication rates compared with most other eukaryotes. These plant gene duplicates are mostly derived from whole genome and/or tandem duplications. Earlier studies have shown that a large number of duplicate genes are retained over a long evolutionary time, and there is a clear functional bias in retention. However, the influence of duplication mechanism, particularly tandem duplication, on duplicate retention has not been thoroughly investigated. We have defined orthologous groups (OGs) between Arabidopsis (Arabidopsis thaliana) and three other land plants to examine the functional bias of retained duplicate genes during vascular plant evolution. Based on analysis of Gene Ontology categories, it is clear that genes in OGs that expanded via tandem duplication tend to be involved in responses to environmental stimuli, while those that expanded via nontandem mechanisms tend to have intracellular regulatory roles. Using Arabidopsis stress expression data, we further demonstrated that tandem duplicates in expanded OGs are significantly enriched in genes that are up-regulated by biotic stress conditions. In addition, tandem duplication of genes in an OG tends to be highly asymmetric. That is, expansion of OGs with tandem genes in one organismal lineage tends to be coupled with losses in the other. This is consistent with the notion that these tandem genes have experienced lineage-specific selection. In contrast, OGs with genes duplicated via nontandem mechanisms tend to experience convergent expansion, in which similar numbers of genes are gained in parallel. Our study demonstrates that the expansion of gene families and the retention of duplicates in plants exhibit substantial functional biases that are strongly influenced by the mechanism of duplication. In particular, genes involved in stress responses have an elevated probability of retention in a single-lineage fashion following tandem duplication, suggesting that these tandem duplicates are likely important for adaptive evolution to rapidly changing environments.
Plant genomes contain a higher proportion of recently duplicated genes compared with most other eukaryotes (Lockton and Gaut, 2005) . These duplicates are mostly derived from segmental, whole genome, and tandem duplication events (Arabidopsis Genome Initiative, 2000; Goff et al., 2002; Tuskan et al., 2006) . Based on analyses of gene duplication timing and synteny, it is believed that three rounds of whole genome duplication (WGD) likely occurred in the Arabidopsis (Arabidopsis thaliana) lineage after its split from the rice (Oryza sativa) lineage approximately 150 million years ago (Vision et al., 2000; Simillion et al., 2002; Raes et al., 2003; Blanc and Wolfe, 2004; Paterson et al., 2004; Tuskan et al., 2006) . Genome rearrangement after WGD and additional small-scale duplication events likely contributed to the segmental structure of duplicated blocks. Although the rate of observed ancient WGD in the Arabidopsis lineage is low (approximately one event per 50 million years), the effect of each WGD is large because all genes are doubled in a single event. In addition to segmental duplication and WGD, tandem duplication, which produces duplicates that are located in close proximity, has contributed significantly to the expansion of plant gene families (Zhang and Gaut, 2003; Rizzon et al., 2006) . In contrast to WGD, tandem duplications have occurred much more frequently and are responsible for much of the gene copy number and allelic variation within a population (Fortna et al., 2004; Rostoks et al., 2005; Clark et al., 2007) . Although each tandem duplication event only affects a small number of genes, tandemly duplicated genes constitute approximately 14% of all duplicates in Arabidopsis (Rizzon et al., 2006) .
Several evolutionary and population genetic models of duplicate gene fate have been proposed that provide the theoretical and mechanistic explanations for gene retention (Ohno, 1970; Walsh, 1995; Force et al., 1999; Lynch and Force, 2000) . While the typical fate of duplicates is rather rapid gene loss, genome-wide analyses of several eukaryotic genomes and gene families indicate that a substantial number of duplicated genes are retained Purugganan, 2003, 2005; Blanc and Wolfe, 2004) . In addition, there is a significant bias in the functions of retained genes in different species (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004; Maere et al., 2005; Shiu et al., 2005 Shiu et al., , 2006 Wapinski et al., 2007) . Since duplication mechanisms vary greatly in terms of scale and frequency, one intriguing question is if duplicates generated by different mechanisms differed significantly in their functions during vascular plant evolution. It is thought that tandem duplicates tend to be involved in stress responses (Parniske et al., 1997; Michelmore and Meyers, 1998; Lucht et al., 2002; Kovalchuk et al., 2003; Leister, 2004; Shiu et al., 2004; Maere et al., 2005; MondragonPalomino and Gaut, 2005; Rizzon et al., 2006) . For example, it has been shown that duplicate genes associated with membranes and/or involved in stress responses are overrepresented among tandem duplicates, while those involved in nucleic acid-binding functions are overrepresented among nontandem duplicates (Rizzon et al., 2006) . Since the studies on functional bias so far have mainly been concerned with the averaged behavior of duplicate genes, it is unclear if these patterns will remain consistent if one considers functional bias in the context of lineagespecific expansion (Lespinet et al., 2002) . That is, when examining the functional bias of duplicated genes, in addition to considering whether genes have apparent paralogs, it is informative to distinguish the time frames during which the duplication events occurred. In addition, previous studies have not addressed whether the bias in the retention of duplicated genes depends on the type of stress condition (e.g. biotic or abiotic) and/or the nature of the stress response (e.g. up-regulation or down-regulation). It is possible that the relationship between tandem duplicates and stress responses only holds for certain types of stresses.
To study patterns of functional bias among genes derived from lineage-specific expansion events, we first classified genes from Arabidopsis, poplar (Populus trichocarpa), rice, and the moss Physcomitrella patens into orthologous groups (OGs) and determined the degree of expansion for each OG. After identifying genes in expanded versus nonexpanded OGs, we used Arabidopsis Gene Ontology (GO) annotations to examine the functional bias of retained duplicates in the Arabidopsis lineage. To better understand the relationship between the nature or types of stress responses (such as different biotic and abiotic conditions) and duplication mechanisms (tandem versus nontandem), we examined an Arabidopsis expression data set containing 15 abiotic and biotic stress treatments and identified stress conditions enriched in retained genes duplicated via tandem or nontandem mechanisms. Finally, we compared patterns of lineagespecific expansion and functional bias among tandem and nontandem genes to determine how duplication mechanism contributed to gene family expansion during land plant evolution.
RESULTS AND DISCUSSION

Rate of Lineage-Specific Expansion
Plants have substantially higher rates of gene duplication than other organisms. This, together with substantial functional bias in gene retention, has contributed to dramatic differences in the degree of lineage-specific expansion among plant gene families. To address the question if the rate of gene gains was constant throughout the evolutionary history of land plants, protein-coding genes from Arabidopsis, moss, rice, and poplar were classified into similarity clusters (referred to as gene families; see ''Materials and Methods''). Among 14,745 gene families, 5,060 are shared among all four plant species. A gene tree was generated for each shared family (see ''Materials and Methods''). The gene tree and the species tree of these four plants were reconciled for estimating ancestral gene numbers. These ancestral gene numbers were then used to determine gene-gain events in the lineage leading to Arabidopsis (Fig. 1A) . The rates of gene gain (total gain during a time period divided by the estimated duration) are not constant over the three time periods we examined (branches 1, 2, and 3 in Fig. 1A ). The gain rates for branches linked together by older ancestral nodes are smaller than those linked by ''younger'' branches. For example, the gain rate in branch 1 (14.1-28.2 gains per million years) is approximately four times slower than that in branch 3 (44.3-53.2 gains per million years).
One explanation for this gain rate difference is that, early in vascular plant evolution, the duplication rate was substantially lower. If this is the case, one may expect plant lineages that diverged earlier in the vascular plant lineage to have low duplication rates. However, it is estimated that Ceratopteris richardii, a fern in the lineage that split from the flowering plant lineage early in vascular plant evolution, likely has a higher proportion of paralogs than the flowering plants (Nakazato et al., 2006) . Therefore, we speculate that the duplication rate early in vascular plant evolution may have been similar to that of the present day. Another explanation is that even though many genes were fixed and retained, a large number of them did not survive in the long run. This explanation is consistent with the observed gradual decay of paralog synonymous substitution rates of several eukaryotes over time (Lynch and Conery, 2000) . More detailed analysis regarding gene birth and death in plant gene families is necessary to address the issue of duplicate longevity further.
Functional Bias of Lineage-Specific Retention in the Arabidopsis Lineage
In addition to differences in the rates of gene gain over the course of vascular plant evolution, it is likely that the functional bias in duplicate retention may differ depending on the time period examined, due to differences in organismal complexity and environment. To determine if the patterns of functional biases differ depending on the timing of gene duplication, we evaluated the representation of duplicate genes in expanded versus nonexpanded OGs in various functional categories. Here, duplicates in expanded OGs are genes with elevated rates of retention/duplication compared with genes in nonexpanded OGs. By examining OGs, the ancestral gene numbers and subsequent gains can be estimated; therefore, all sorts of classifications, in particular functional categories of genes, can be compared in the same evolutionary period.
Ideally, we would evaluate the functional categories for each internal or external node in the four-plant phylogeny to directly determine the functional bias of genes in expanded OGs. However, this is problematic due to the difficulty in inferring ancestral functions. Although we have gene-gain data for all four plant species, we focused on the comparison of Arabidopsis with other plants in a pair-wise fashion for two reasons. First, the functional annotation data for other plant species are either absent or not as comprehensive as those for Arabidopsis. Second, functional annotation criteria may differ between species and influence the interpretation of results. It should be noted that this approach resulted in analyzing functional biases in a somewhat nonindependent fashion, since some of the branches overlap.
We assessed if there is a functional bias among genes in expanded OGs by determining the GO categories with overrepresented numbers of genes in OGs that have expanded in the Arabidopsis lineage (Supplemental Fig. S1 ). For each shared family, we identified three ''types'' of OGs ( Fig. 1 ): Arabidopsis-poplar (A-P), Arabidopsis-rice (A-R), and Arabidopsis-moss (A-M). Each OG represents the presence of one ancestral gene from the progenitor of the species pair and all duplicates generated and retained after speciation. Currently, orthology is determined either by reconciling species and gene trees (referred to as tree-based; Chen et al., 2000) or by applying iterative search algorithms on a sequence similarity matrix (referred to as similaritybased; Remm et al., 2001) . Since both approaches have their merits and caveats , we applied both to define OGs and generated two ''sets'' of OGs (tree-and similarity-based, not to be confused with OG types) for each species pair. The overlap between these two approaches is approximately 80% for all species pairs, indicating that gene membership for most OGs generated by these two approaches is consistent (Supplemental Table S1 ). Nonetheless, to ensure that our analyses were not biased by the method of OG inference, the results for both approaches are shown to highlight consistent trends. It should be noted that the annotation quality for poplar and moss is lower than that for rice and Arabidopsis. In addition to the annotation quality issue, uncertainty in phylogenetic reconstruction also likely reduces the accuracy of the orthology inference. However, we expect that such errors in orthology assignment will be global, which will reduce the relevant biological signals in subsequent analyses but will not necessarily bias our results in a particular direction.
Based on the three types of OGs defined (A-P, A-R, and A-M) encompassing different periods in the evolution of the Arabidopsis lineage, we could compare the overrepresented functional categories and determine which categories are specific to a time period. The number of gene gains in an OG is defined as the number of Arabidopsis genes in an OG minus one (because each OG indicates the presence of an ancestral gene). In each functional category, the number of The rates of gene gain were inferred based on the divergence time estimates (Wolfe et al., 1989; Heckman et al., 2001; Tuskan et al., 2006; Rensing et al., 2008) . MYA, Million years ago. B, GO categories with an overrepresented number of genes in expanded OGs in the Arabidopsis lineage. In the ''specific'' row, categories that are specific to a particular OG type are shown. In the ''common'' row, overrepresented categories that are consistent among all three OG types are shown.
gene gains was compared with the number of expected gene gains using the x 2 test (see ''Materials and Methods''). For example, if functional category X is overrepresented among A-M type but not A-P or A-R type OGs, ancestral genes with function X are regarded as expanded in the branch after the Arabidopsis-moss split but before the divergence between the Arabidopsis and the rice lineages (branch 1 in Fig. 1B ). Interestingly, genes related to biotic and abiotic stress responses and stress signaling networks, as well as a number of other functional categories, are found in OGs that have expanded in all three types of OGs (Fig.  1B) . This finding indicates that OGs containing genes mediating stress responses expanded at significantly higher rates during the early period of vascular plant evolution. These OGs have continued to expand in the relatively recent evolutionary history of the Arabidopsis lineage.
Functional Bias, Duplication Mechanisms, and Signaling Networks
Based on published reports, it is anticipated that tandem duplication will be more closely associated with stress-related genes than nontandem duplication (Parniske et al., 1997; Michelmore and Meyers, 1998; Lucht et al., 2002; Kovalchuk et al., 2003; Leister, 2004; Shiu et al., 2004; Maere et al., 2005; Mondragon-Palomino and Gaut, 2005; Rizzon et al., 2006) . One open question is if this relationship exists for genes in lineagespecifically expanded OGs. To determine how genes in OGs that expanded via tandem and nontandem mechanisms differ in their involvement in stress and responses to environmental stimuli during vascular plant evolution, we compared GO categories with an overrepresented number of genes in OGs (A-M, A-R, and A-P) that expanded via tandem or other duplication mechanisms (Supplemental Fig. S2 ). It should be noted that genome rearrangements may have occurred that disrupt the relationships between relatively ancient tandem duplicates. Therefore, in this study, we likely missed older tandem duplicates. Nonetheless, OGs containing genes in categories such as response to biotic stimulus, defense response, response to toxin, various transport functions, glycosinolate metabolism, and phosphorous metabolism (phosphorylation) have Color coding is the same as in A. C, Selected molecular function categories with overrepresented numbers of genes that are responsive to biotic stress conditions. The GO category descriptions are shown on the right. There are six columns for each stress condition. The columns represent types/sets of OGs in the following order: similarity-based A-M, tree-based A-M, similaritybased A-R, tree-based A-R, similarity-based A-P, and tree-based A-P. Color coding is the same as in A.
expanded significantly due to tandem duplications ( Fig. 2A, red circles; Supplemental Fig. S3 ). In addition, cellular component categories related to the extracellular compartment and cell surface tend to be enriched in genes that are in OGs that expanded via tandem duplication mechanisms (Fig. 2B, red circles) . In contrast, genes in OGs expanded via nontandem mechanisms tend to be found in functional categories related to intracellular components, regulation of metabolism, hormone metabolism, transcriptional regulation, cell communication, and response to hormone stimulus (Fig. 2, blue circles; Supplemental Fig. S3 ). Most functional categories enriched in genes that are in OGs that expanded via tandem or nontandem mechanisms are consistent among the three types of OGs.
Signaling networks can be partitioned into three major layers: transducers, transcriptional regulators, and regulatory targets (Doebley and Lukens, 1998) . By partitioning functional categories into these three layers, differences between genes in OGs that expanded via tandem and nontandem mechanisms become more apparent. Transducers are composed of proteins involved in signal production, perception, transmission, and modification such as phosphorylation. Based on our analysis of functional categories, most genes that serve as transducers of signaling cascades (cell communication, signal transduction) are in OGs that expanded via nontandem mechanisms ( Fig. 2A , blue circles). One exception involves genes in the phosphorylation categories. A large number of these genes belong to the receptor-like kinase family, many of which are cell surface receptors (Shiu and Bleecker, 2001 ).
Many receptor-like kinases are in OGs that have expanded significantly due to tandem duplication, and there is experimental evidence for their involvement in the perception of biotic stimuli (Shiu et al., 2004) . We found that if the transducer layer is further partitioned into cell surface and intracellular transducers, genes in OGs expanded via tandem mechanisms are enriched in cell surface transducer categories (Fig. 2, red circles) , while nontandem duplicates are enriched in intracellular transducer categories (Fig. 2, blue circles) .
Assuming that OGs that have expanded via nontandem mechanisms are mostly derived from whole genome duplications, our finding is consistent with earlier reports that transcriptional regulation categories have overrepresented numbers of duplicates from polyploidization (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004; Maere et al., 2005) and have an overall higher retention rate compared with Arabidopsis genes in general (Shiu et al., 2005) . The regulatory target layer can be seen as the effector layer, or more generally the response layer, since many of the regulatory target genes encode products mediating the response to stimuli. Among stimuli-responsive categories, hormonal response categories tend to be enriched in genes in OGs expanded via nontandem mechanisms, while response to external stimuli categories are overrepresented in genes in OGs expanded via tandem duplication.
In this study, we focus on the properties of lineagespecific expanded OGs instead of the properties of paralogous genes, as in previous studies (Maere et al., 2005; Rizzon et al., 2006) . The earlier work by Maere Table I . Overrepresentation of stress-responsive genes in OGs that expanded in the Arabidopsis lineage and the major contributing duplication mechanisms
a A 1 sign indicates that the ratio of stress-responsive genes in expanded OGs versus nonexpanded OGs is significantly higher (P # 0.05) than for nonresponsive genes. b T/N, Tandem versus nontandem; T, the genes responsive for a given stress condition are significantly enriched in tandem relative to nontandem genes; N, significant enrichment of nontandem genes (q , 0.05).
et al. (2005) contrasted the decay rate differences among genes of various functions in the context of small-scale and large-scale duplication events. Here, the small-scale events are likely predominantly tandem duplication events. Nonetheless, despite the differences in methodology and our focus on expansion instead of duplication, we reach a very similar conclusion regarding overrepresentation of tandem genes in stress response functional categories.
Stress Responsiveness Categories and Retention of Duplicates Generated via Tandem and Nontandem Mechanisms
Based on the analysis of functional categories with overrepresented numbers of genes in expanded OGs, one of the most notable differences between tandem and nontandem duplicates is their involvement in the response to environmental stimuli and biotic stress. However, it remains an open question if this is a property of stress genes in general or genes involved in certain types of stress conditions. To address this question, we examined the expansion patterns of stress-responsive genes in the Arabidopsis lineage using the AtGenExpress stress expression data set (Kilian et al., 2007) . We focused on seven abiotic and eight biotic stress conditions (Table I) . For each stress response, up-and down-regulated genes were defined by comparing intensities of stress-treated samples with those of controls (false discovery rate corrected P , 0.05). These differentially regulated genes are referred to as ''stress-responsive'' genes, while genes with no significant change in either direction are regarded as ''nonresponsive.'' Genes up-regulated under all of the abiotic and biotic stress conditions (except heat) are members of OGs that have expanded significantly throughout all three periods of the Arabidopsis lineage evolution (the Expansion [Exp] columns for A-M, A-R, and A-P in Table I ). However, there is no clear trend for down-regulated genes (the Exp columns in Table I ). These findings indicate that expansion of OGs containing genes that are upregulated by most stress conditions, both biotic and abiotic, has occurred continuously over the course of vascular plant evolution.
To determine whether stress-responsive genes found in expanded OGs tend to be derived from tandem or nontandem duplications, we asked if there is a relative enrichment of stress-responsive genes in OGs that expanded via tandem or nontandem duplication for each stress condition (the Tandem [T]/Nontandem [N] columns in Table I ). Up-regulated genes in general belong to OGs with higher rates of expansion compared with the OGs containing nonresponsive genes. However, there are clear differences in how duplication mechanism contributed to the expansion of OGs containing stress-responsive genes. Genes in OGs that expanded via tandem duplication are more likely to be up-regulated under biotic stresses than those in OGs that expanded via nontandem duplication (the T/N columns for up-regulation in Table I ), which is consistent with the GO-based analysis. In contrast, genes upregulated by abiotic stress and down-regulated genes in general belong to OGs that are equally likely to have expanded via either tandem or nontandem mechanisms (Table I) .
Interestingly, the fact that biotic stress-responsive genes tend to be derived from tandem duplication does not affect the relationship between functional partitioning in signaling networks and duplication mechanism, as postulated in the previous section. For example, among genes up-regulated by biotic stress, molecular function categories, including DNA binding and transcription regulator activity, are still enriched in nontandem duplicates (Fig. 2C) . Taken together, these findings indicate that expansion of biotic stress response genes has occurred more often via tandem duplication than expected. However, the position of a gene in the cellular signaling network has an overriding influence on the predominant duplication mechanisms that contribute to lineage-specific expansion. OGs and log ratios for each OG expansion pattern for the Arabidopsismoss comparison. In the matrix on the right, the x and y axes indicate the numbers of Arabidopsis and moss genes in an OG, respectively. In each cell, a log ratio was generated between the observed number of OGs found to have a specific gene number combination (Obs) and the expected number of OGs (Exp; see ''Materials and Methods''). This ratio serves as a measure of the relative enrichment of the number of OGs with a particular gene number combination (the color scale is shown under the phylogenies). Positive log ratios are shown in shades of red, and negative log ratios are shown in shades of blue. Also shown are log ratios for OG expansion patterns for Arabidopsis and rice (B) and Arabidopsis and poplar (C).
Influence of Duplication Mechanism on Patterns of Expansion at the OG Level
Our study examines the functional bias of retained duplicates in the Arabidopsis lineage and shows that genes in OGs that expanded via tandem and nontandem duplication mechanisms are related to stress responses and intracellular regulatory roles, respectively. Since different plant lineages have very different life histories, the nature of selection pressure imposed by their environmental conditions is expected to be diverse. Therefore, if expansion of certain OGs with tandem duplicates were involved in adaptive responses to the environment specific to one species, their orthologous genes in another species will tend not to be retained. To test this prediction, we first evaluated if the number of OGs with a particular lineage-specific gene number combination (e.g. for an OG with two Arabidopsis and three moss genes; Fig.  3A ) is overrepresented or underrepresented (Fig. 3) . Overrepresentation or underrepresentation of a gene number combination was evaluated using the log ratios between observed and expected numbers of gains generated based on the power distribution of branch size in a particular lineage. Interestingly, we found that the gene number combinations are obviously nonrandom, with two extreme patterns (examples comparing the Arabidopsis lineage against the other three lineages are shown in Fig. 3 ). The first is ''convergent expansion,'' where two or more genes were gained independently in different lineages. The other is ''single-lineage expansion,'' where gene gains have predominantly occurred in one lineage and are coupled with a loss in the other.
To determine whether either of the two expansion patterns is correlated with tandem or nontandem duplication, we classified genes into tandem and nontandem categories (see ''Materials and Methods''). The ratios between the numbers of tandem and nontandem duplicated genes in OGs that expanded in either a convergent or single-lineage fashion were used to assess the significance of enrichment (Table  II) . Here, OGs are regarded as convergently expanded if the number of genes is more than two in both lineages. OGs are defined as expanded in a singlelineage fashion if the number of genes is two or more in one lineage and zero in the other. Here, we show the results where the tandem/nontandem genes are defined solely based on that of the Arabidopsis genome in comparison with the other three lineages. We found that tandem duplicates tend to be in OGs that experienced single-lineage expansion (x 2 test; P , 10 212 ). In contrast, genes duplicated via nontandem mechanisms are mostly found in OGs that underwent convergent expansion (x 2 test; P , 10
212
). These findings are consistent regardless of which types or sets of OGs (A-P, A-R, or A-M; similarity-or tree-based) were examined. We also observed that in OGs experiencing single-lineage expansion, the ratio of tandem to nontandem duplicated genes is highest in the A-P pairs and decreases as the divergence time between the species pair increases (Table II) . One potential explanation for this trend is that some of these tandem genes may look younger because of gene conversion (Gao and Innan, 2004) . However, gene conversion tends to occur between highly similar duplicate genes, and the sequence divergence between tandem duplicates is mostly quite large (Rizzon et al., 2006) . The second explanation is that tandem duplicates have a relatively faster turnover rate; that is, tandem duplicates were not retained as long as nontandem duplicates. This is consistent with our observation that the ratio of tandemly to nontandemly duplicated genes decreases more rapidly in single-lineage expanded than in convergently expanded OGs (Table II) .
Most highly duplicated genes have been reported to reside in OGs that expanded in parallel in different lineages (Oliver et al., 2000; Aravind et al., 2001; Holub, 2001; Hughes and Friedman, 2003) . In contrast, we found that expansion can occur in either a parallel (convergent) or a single-lineage fashion. It should be noted that earlier studies did not distinguish between tandem and nontandem duplication. Single-lineage expansion is expected for genes in families experiencing rapid birth-and-death evolution, where rapid gene turnover is fueled by repeated gene duplication and frequent gene ''death'' due to pseudogenization (Nei and Rooney, 2005) . Rapid birth-and-death evolution has been reported in multiple gene families with a large number of tandem duplicates, such as plant Leurich repeat disease resistance genes and mammalian olfactory receptors (Parniske et al., 1997; Michelmore and Meyers, 1998; Rouquier et al., 1998; Young et al., 2002; Mondragon-Palomino and Gaut, 2005) . Our finding that single-lineage expansion is mainly due to tandem duplication is consistent with the findings from these gene families.
We have also conducted analyses to identify functional categories enriched in OGs that expanded in a single-lineage fashion (Supplemental Fig. S4) . A large number of these categories, including response to biotic stress and secondary metabolism, are similar to those identified as being overrepresented among tandem duplicates. Therefore, genes found in OGs that experienced single-lineage expansion are likely involved in adaptive evolution in a lineage-specific fashion and turn over rapidly. In an earlier study, it was shown that genes derived from small-scale (mostly tandem) duplication events tend to have low decay rates (Maere et al., 2005) . Based on our findings, this apparently lower decay rate may not be interpreted as a higher longevity of these stress-responsive tandem duplicates. Instead, the expansion of stress-responsive tandem duplicates is potentially a consequence of high duplication rate accompanied by rapid losses, as demonstrated by studies of sequence variation in plants (Borevitz et al., 2007) .
CONCLUSION
Plant genes in OGs that expanded via tandem duplication tend to be involved in responses to biotic stress and environmental stimuli based on GO categories. Furthermore, by examining stress microarray data sets, we found that tandem duplicates are enriched in stress-responsive genes. Therefore, genes influencing stress response have an elevated probability of retention following tandem duplication. Why do these stress-responsive tandem genes tend to be retained? An important feature of tandem genes is their high rate of duplication per generation. As a result, new tandem gene paralogs are continuously generated, likely providing a pool of highly dynamic targets for selection. In addition, tandem genes are highly variable within species. For example, sequence variation between Arabidopsis ecotypes is enriched in regions containing tandem duplicates (Borevitz and Nordborg, 2003; Clark et al., 2007) , potentially due to elevated rates of recombination in regions with tandem duplicates (Zhang and Gaut, 2003) . This high level of within-species variation among tandem genes further increases the number of targets (paralogs and alleles) that can be selected in ever-changing environments.
Interestingly, gene families that have been shown to be important for responding to biotic stresses, such as Leu-rich repeat disease resistance gene and receptor kinase, have a higher proportion of members in polymorphic regions than other genes families (Clark et al., 2007) . These two gene families also have significant numbers of tandem members (Meyers et al., 2003; Shiu et al., 2004) . In addition, biotic stress may further increase the variation in tandem genes, since recombination rate is elevated under pathogen attack (Lucht et al., 2002) . Therefore, there is a strong correlation between tandemness and biotic stress that is corroborated by our studies of stress expression data. The selection pressure imposed by biotic agents is not only intense, due to, for example, the arms race between hosts and pathogens, but also relentless, since interactions with the environment only cease upon death. Because tandem genes represent a significantly larger pool of standing variation than can be generated by nontandem mechanisms, they have a higher probability of being represented among genes that meet the challenges of the biotic agents and are retained.
MATERIALS AND METHODS
Defining Gene Families and Tandem Duplicate Clusters
The amino acid sequences of four plant species (Arabidopsis [Arabidopsis thaliana], TAIR6; poplar [Populus trichocarpa], version 1.1; rice [Oryza sativa japonica], version 2; and the moss Physcomitrella patens, version 1.1) were obtained from The Arabidopsis Information Resource (www.arabidopsis.org), The Institute for Genomic Research (www.tigr.org), and the Joint Genome Institute (www.jgi.doe.gov). To define gene families among sequences from these four species, all-against-all similarity searches were conducted using BLAST with an E-value cutoff of 1e-5 (Altschul et al., 1997) . Based on the transformed E-values (Shiu et al., 2005) , we generated similarity clusters representing gene families with the Markov clustering program (http:// micans.org/mcl/ [van Dongen, 2000] ).
Tandem duplicated genes were defined as genes in any gene pair, T 1 and T 2 , that (1) belong to the same gene family, (2) are located within 100 kb each other, and (3) are separated by zero, one or fewer, five or fewer, or 10 or fewer nonhomologous (not in the same gene family as T 1 and T 2 ) spacer genes. Therefore, there are four sets of tandem gene definitions. All analyses were conducted using all four sets, and we found that the results were consistent regardless of the criteria. Therefore, only the analysis results based on the 10 or fewer spacer gene criteria are reported.
Inference of OGs
We took two approaches to infer OGs between Arabidopsis and poplar, rice, and moss. In the first approach, protein sequences of members in each family were aligned with ClustalW (Thompson et al., 1994) , and the alignments were used to generate neighbor-joining trees (Saitou and Nei, 1987) with the two-parameter substitution correction (Kimura, 1980) . The phylogenetic trees were rooted at midpoints. OGs were identified by reconciling between family phylogenies and the species tree of these four plants with Notung (Chen et al., 2000) . The OGs identified with the first approach are referred to as tree-based OGs (Supplemental Table S3 ).
In the second approach, we used a search algorithm similar to Inparanoid (Remm et al., 2001) . We first conducted all-against-all BLAST searches between two species, A and B, in each gene family, and found reciprocally best matching pairs as the seeds for OGs. Given a reciprocal best match pair, A 1 and B 1 , if any sequence, A x (or B y ) from species A (or B) that has a smaller sequence distance to A 1 (or B 1 ) than the distance between A 1 and B 1 , A x (or B y ) was added to the OG containing A 1 and B 1 (seeds). This process was continued until all qualified sequences were assigned to seed OGs. At this point, many genes were not assigned to any OG because they belong to OGs with a potential gene loss in one lineage. To assign these types of genes to OGs, we used genes without an OG assignment (e.g. A i ) to search against the genes assigned to OGs to identify the best match (B i ) for B. If B i was already assigned to any OGs, A i was treated as the seed of an OG with lineage-specific loss. Any sequence A j from A was added to the OG with A i if the A i -A j distance was smaller than the A i -B i distance. The same procedure was repeated for sequences from B. The OGs inferred based on pair-wise similarity are called similarity-based OGs. Since the inference of similarity-based OGs depends on the starting point, we constructed 10 sets of similarity-based OGs for each species pair for subsequent analysis.
To evaluate the consistency of OGs constructed with the tree-and similaritybased approaches, we determined the degree of overlap between these two OG data sets. Since each gene is assigned to tree-and similarity-based OGs, the number of overlapping genes was counted between the tree-and similarity-based OGs containing the gene. The proportion of the overlapping genes was calculated for tree, and similarity-based OGs. The average proportion was calculated for all genes.
Statistical Tests for Determining Overrepresented and
Underrepresented GO Categories and the Influence of Duplication Mechanisms on Degree of Expansion GO assignments for Arabidopsis genes were obtained from The Arabidopsis Information Resource (http://www.arabidopsis.org/). Three top GO categories, cellular components, molecular functions, and biological processes, were analyzed as described earlier (Shiu et al., 2006) . Among these GO categories, we obtained the numbers of Arabidopsis genes residing in expanded OGs and nonexpanded OGs. Expanded and nonexpanded OGs are defined as OGs having two or more genes and only one gene, respectively, in the Arabidopsis lineage. For analyses of similarity-based OGs, the numbers of genes in expanded OGs and nonexpanded OGs in a GO category were generated by averaging the numbers of genes among 10 runs. The expected numbers of genes in expanded OGs and in nonexpanded OGs were defined as the number of all Arabidopsis genes in expanded OGs and nonexpanded OGs, respectively. The expected values were then compared with the observed values with the x 2 test to determine whether the ratio of observed gene numbers in expanded OGs to those in nonexpanded OGs was significantly higher than the expected ratio. For functional categories with overrepresented numbers of genes in expanded OGs, the observed ratio of tandem to nontandem duplicated genes in each category was compared with the expected ratio to determine whether the overrepresentation is due mainly to the contribution of tandem or nontandem duplications. The expected ratio was estimated from the number of all Arabidopsis genes duplicated via tandem and nontandem mechanisms in expanded OGs. To correct for multiple testing, the moderated P value (q) was estimated from raw x 2 test P values with Q-VALUE software (Storey and Tibshirani, 2003) . The null hypothesis was rejected if q values were ,0.05. To determine if stress-responsive genes (based on gene expression data) in expanded OGs derived from tandem or nontandem duplication tend to have certain molecular functions, we used the GO molecular function assignments of stress response genes for the overrepresentation analysis. Genes with only IEA (Inferred from Electronic Annotation) and IEP (Inferred from Expression Pattern) evidence were excluded.
Statistical Tests to Identify Responsive Genes for Abiotic and Biotic Stress Conditions
Gene expression data under eight abiotic and eight biotic stress conditions were obtained from AtGenExpress (http://www.uni-tuebingen.de/plantphys/ AFGN/atgenex.htm). The array intensities were processed using the Bioconductor (www.bioconductor.org) affy package in the R software environment (www.r-project.org). After background correction and quantile normalization, significantly up-and down-regulated genes under each stress condition were identified by comparing the hybridization intensities of arrays hybridized with treated samples against their corresponding control with LIMMA (Wettenhall and Smyth, 2004) . Up-and down-regulated genes for each stress treatment were defined as genes with significantly higher and lower intensities (at 5% false discovery rate) in arrays hybridized with treated samples than those in controls in at least one time point of a stress condition. Nonresponsive genes were defined as genes that were not significantly upor down-regulated. The numbers of up-and down-regulated genes are shown in Supplemental Table S2 . The three time points for the genotoxic condition have an insufficient number of up-or down-regulated genes and were excluded from further analyses.
Determination of Overrepresented OGs in Different Lineages
In every OG, there are two lineages (I and J), each with i and j genes. To determine if an OG with a particular gene number combination (i, j) is overrepresented or underrepresented, we determined a log ratio by the following equation: OGði; jÞ OG obs (i,j) is the observed number of OGs where the number of genes is i and j in lineages I and J, respectively. OG exp (i,j) is the expected number of OGs where the number of genes is i and j in lineages I and J, respectively. Since we have 10 sets of similarity-based OGs, the number OG(i,j) for similarity-based OGs is the average of OG(i,j) in 10 sets. The log ratio was independently estimated for tree-and similarity-based OGs, and the log ratio average was used to examine gene expansion patterns in two lineages.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . GO categories with overrepresented numbers of genes in different sets and types of OGs.
Supplemental Figure S2 . GO categories with overrepresented numbers of genes in OGs expanded via tandem or nontandem mechanisms.
Supplemental Figure S3 . Topology of GO categories with overrepresented numbers of genes in OGs expanded via tandem or nontandem mechanisms.
Supplemental Figure S4 . Biological process categories overrepresented in tandem or nontandem duplicates in OGs showing single-lineage expansion.
Supplemental Table S1 . Proportion of genes overlapped between OGs constructed via tree-and similarity-based methods.
Supplemental Table S2 . Numbers of up-and down-regulated Arabidopsis genes in 16 stress conditions.
Supplemental Table S3 . Genes in A-M, A-R, and A-P OGs.
